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PREFACE

This report is published to provide coastal engineers empirical formulas
for predicting wave reflection coefficients for beaches, revetments, and break-
waters. The techniques were developed using laboratory data from a number of
sources covering a wide range of conditions for both monochromatic and irregular
waves. The work was carried out under the coastal processes program of the U.S.
Army Coastal Engineering Research Center (CERC).

This report was prepared by William N. Seelig, Hydraulic Engineer, and
John P. Ahrens, Oceanographer, both of the Coastal Processes and Structures
Branch, under the general supeivision of Dr. k.M. Sorensen. J. McTamany,
Coastal Oceanography Branch, provided the nonlinear regression analysis used
to determine empirical coefficients developed in this report.

Comments on this publication are invited.

Approved for publication in accordance with Public Law 166, 79th Congress,
approved 31 July 1945, as supplemented by Public Law 172, 88th Congress,
approved 7 November 1963.

V7, .

TED E. BISHOP
Colonel, Corps of Engineers
Commander and Director
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CONVERSION FACTORS, U.S. CUSTOMARY TO METRIC (SI) UNITS OF MEASUREMENT

U.S. customary units of measurement used in this report can be converted to
metric (SI) units as follows:

Multiply by To obtain
inches 25.4 millimeters
2.54 centimeters
square inches 6.452 square centimeters
cubic inches 16.39 cubic centimeters
feet 30.48 centimeters
0.3048 meters
square feet 0.0929 square meters
cubic feet 0.0283 cubic meters
yards 0.9144 neters
square yards 0.836 square neters
cubic yards 0.7646 cubic meters
miles 1.6093 kilometers
square miles 259.0 hectares
knots 1.852 kilometers per hour
acres 0.4047 hectares
foot-pounds 1.3558 newton meters
millibars 1.0197 x 1073 kilograms per square centimeter
ounces 28.35 grams
pounds 453.6 grams
0.4536 kilograms
ton, long 1.0160 metric tons
ton, short 0.9072 metric tons
degrees (angel) 0.01745 radians
Fahrenheit degrees 5/9 Celsius degrees or Kelvins

To obtain Celsius (C) temperature readings from Fahrenheit (F) readings,
use formula: C = (5/9) (F -32).

To obtain Kelvin (K) readings, use formula: K = (5/9) (F -32) + 273.15.

— e




SYMBOLS AND DEFINITIONS

incident wave amplitude at a spectral line
reflected wave amplitude at a spectral line

real and imaginary spectral coefficients from an FFT analysis
representative armor diameter = (W/y)l/3

water depth at the toe of the structure
acceleration due to gravity

a representative breaking wave height at the toe of the structure
incident wave height (use Hg for irregular waves)
deepwater wave height

reflected wave height

significant wave height

transmitted wave height

wave dissipation coefficient

wave reflection coefficient

wave transmission coefficient

wave number = 27/L

wavelength at the toe of the structure

deepwater wavelength from linear theory = gT2/ (2m)
of fshore slope seaward of the structure

number of layers of armor

wave runup

Reynolds number

wave period (use period of peak energy density for irregular waves)
period of peak energy density

weight of armor material

empirical wave reflection parameters

specific weight of armor unit material

wave gage spacing

average root-mean-square surface water level

angle of the seaward structure face

kinematic viscosity of water

surf similarity parameter = tan 6/vlij/Lo
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ESTIMATION OF WAVE REFLECTION AND ENERGY DISSIPATION
COEFFICIENTS FOR BEACKES, REVETMENTS, AND BREAKWATERS

by
William N. Seelig and John P. Ahrens

I. INTRODUCTION

When a wave encounters a coastal structure or beach, a part of the wave
energy is dissipated. The remaining energy is reflected seaward except in the
case of a permeable or overtopped structure (Fig. 1), which allows transmission
of a part of the energy to the leeward side. Wave reflection may have undesir-
able effects because the reflected waves are superimposed on the incident waves
to increase the magnitude of water particle velocities and water level fluctu-
ations seaward of the structure. These enhanced motions may be a hazard to
navigation or may undesirably alter sediment transport patterns. This report
presents methods for estimating wave reflection coefficients for beaches,
revetments, and breakwaters of waves approaching the structure at a normal angle
of incidence (wave crests are parallel to the structure axis).

II. LITERATURE REVIEW

Previous investigators have experimentally and analytically studied wave
energy dissipation and reflection characteristics for a variety of structures.
Various prediction techniques have been proposed to estimate reflection coef-
ficients for specific types of energy dissipation. Miche (1951) proposed a
wave reflection-coefficient prediction technique that is often quoted in lit-
erature (e.g., Sec. 2.54 in U.S. Army, Corps of Engineers, Coastal Engineering
Research Center, 1977). He assumed that there is some critical deepwater wave
steepness below which the reflection coefficient is a constant. For conditions
where wave steepness is greater than the critical value, the reflection coef-
ficient is proportional to the ratio of the wave steepness to the critical
value of wave steepness. Predictions using Miche's approach give the right
order of magnitude estimate of the reflection coefficient, but as Ursell, Dean,
and Yu (1960) illustrated, predictions may be conservative by a factor of 2.

Moraes (1970) has performed some of the most extensive laboratory tests to
date on monochromatic wave reflection from a variety of smooth and rough slopes.

-
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Figure 1. Wave reflection and transmission from a coastal structure.
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Madsen and White (1976) made a number of additional carefully controlled
reflection measurements for smooth and rough steep-sloped structures under
nonbreaking wave action. Based on these data, they developed an analytical-
empirical model for predicting reflection coefficients for rough slopes with
nonbreaking waves.

Battjes (1974) used Moraes' data to develop an equation for predicting

reflection coefficients for smooth slopes where the slope induces wave breaking.

This technique is conservative for nonbreaking (surging) waves. Ahrens (1980)
has made a number of irregular wave reflection coefficient measurements for
overtopped and nonovertopped plane smooth slopes.

A number of wave reflection measurements for laboratory breakwaters have
been made. Seelig (1980) investigated rubble-mound and caisson breakwaters
using monochromatic and irregular waves. Brunn, Gunbak, and Kjelstrup (1979)
measured reflection coefficients for rubble-mound breakwaters and proposed an
empirical prediction technique. Additional breakwater reflection data are
available in Debok and Sollitt (1978) and Sollitt and Cross (1976). Madsen
and White (1976) give a procedure for predicting reflection from rubble-mound
breakwaters for nonbreaking waves.

Chesnutt and Galvia (1974) and Chesnutt (1978) have made some of the most

detailed measurements available of wave reflection from laboratory sand beaches.

Little prototype data are available; however, Munk, et al. (1963) and Suhayda
(1974) reported reflection measurements for beaches exposed to extremely low
steepness swell waves.

I17. EXPERIMENTAL TECHNIQUES

The primary emphasis of this report is on the reanalysis of existing data
from a number of published sources. However, some additional laboratory data
were taken to supplement the sources; these data are reported in Appendix A.

Goda and Suzuki's (1976) method was used to determine wave reflection coef-
ficients. This method was selected because with the test setup used it gave
consistent results which are as reliable as obtainable with other currently
used procedures. Experience with this technique suggests that the error is on
the order of 5 percent. A typical wave gage setup is illustrated in Figure 2,
and a detailed discussion of the analysis method given in Appendix B. The test
procedure uses three gages, located a minimum of 6 meters seaward of a test

Incident Waves > 4Reflected Woves
a2 s 125em ——|
Al -90cm ——
___SwL_
82 :35c¢cm
Wove Goges

j Tank Bottom

Figure 2. Wave gage array used to measure wave reflection.
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structure, to collect simultaneous wave records (incident and reflected waves
superimposed), each containing 4,096 data points at a sampling interval of one-
sixteenth of a second. A fast Fourier transform (FFT) analysis is made of each
record, and each gage pair gives an estimate of the reflection coefficient sub-
ject to the criteria discussed in Appendix B. The mean of the three estimates
is taken as representative at each spectral line, and an energy-weighted aver-
age is taken to characterize reflection for the entire spectrum of irregular
waves. The significant incident wave height, Hg, for irregular waves (Goda
and Suzuki, 1976) is defined as

4 ﬁl.’IIlS

Hs = T+ 2 1

where ﬁrms is the average root-mean-square (rms) water surface displacement
of the wave records at the three gages, and Ky the reflection coefficient.

Data collection in this study emphasized obtaining additional data on wave
reflection on smooth slopes and examining the influence of one or more layers
of armor on reducing the reflection coefficient. Monochromatic and irregular
waves were tested.

For monochromatic wave conditions (sinusoidal wave generator blade motion),
the wave reflection measurement technique was slightly modified. The wave-
form for monochromatic waves is described by a Fourier series with the entire
waveform moving at the speed of the primary wave (Dr. R. Dean, University of
Delaware, personal communication, 1980). This allows the wave energy appearing
in harmonics of the primary wave to be considered in determining the reflec-
tion coefficient (App. B).

IV. FACTORS INFLUENCING WAVE REFLECTION

The conversion of wave energy concept is useful for defining the interre-
lation between the wave reflection, dissipation, and transmission coefficients.
Assuming that the water depth remains constant seaward and leeward of the struc-
ture the partition of wave energy is given by

1 = K] + K2+ K] (2)

where Ky is the reflection coefficient, Kﬁ the ratio of wave energy lost
through dissipation to the total incident wave energy, and K; a transmission
coefficient including transmission through a permeable structure and trans-~
mission by overtopping for a low-crested structure. 1In an idealized monochro-
matic wave situation where there are no transfers of wave energy to other wave
frequencies,

H
Kr = ﬁr' (3)
1
and
Ht
S (4)
Kt i

where Hj, Hy, and H, are the incident, reflected, and transmitted wave heights,
respectively (see Fig. 1).
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Rearranging equation (2) gives

Kp =1 - (K + K7) (5)

which clearly shows that any process that increases the sum (K2 + K%) will cause
the reflection coefficient to decrease. Figure 3 illustrates equation (5) and
the nonlinear relation of the variables. Note that for a given value of the
transmission coefficient the reflection coefficient may be very sensitive to

the amount of energy dissipation. In addition, with no transmission large
values of energy dissipation will allow the reflection coefficient to be rela-
tively large. For example, with 90-percent energy dissipation and no trans-
mission, the reflection coefficient is 0.31 (see Fig. 3).

Pct wave Energy Dissipated
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Kr 0.5 ! -
|
| N
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Figure 3. Relation between wave reflection, transmission,
. and dissipation coefficients.
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V. TYPES OF STRUCTURES AND RANGE OF CONDITIONS TESTED

Table 1 summarizes the sources of wave reflection coefficients for struc-
tures and beaches and the range of conditions tested. Three types of structure
are considered: smooth, impermeable slopes with no overtopping; revetments
armored with one or more layers of riprap with no overtopping; and rubble-mound
breakwaters armored with stone or dolos.

The water depth at the toe of the structure, dg, 1is taken as a character-
istic water depth, g 1is the acceleration due to gravity, and a representative
armor unit diameter, .d, is determined from

NON

where W is the armor weight, and v the specific weight of the armor mate-
rial. A measure of the wave breaker height that could occur at the toe of the
structure, Hp, is given by Goda (1975) as

d
Hy, = 0.17 LO{I.O - exp[—4.712 Yﬁ (1.0 + 15 m1-333>]} (7

‘0
where L, is the deepwater wavelength given by linear wave theory, and m the
tangent of the slope of the seabed seaward of the structure.

Other variables summarized in Table 1 include dimensionless ratios using
Hi, the incident wave height (significant height for irregular waves) at the
toe of the structure; T, the wave period (period of peak energy density for
irregular waves); and L, the wavelength at the toe of the structure.

Only those tests with fully turbulent hydraulic conditions are considered
in order to minimize the influence of viscous effects (Jonsson, 1966). The
Reynolds number, R, proposed by Madsen and White (1976),

RZ 27
Re = 77 tano (8)
where R is the wave runup and v the kinematic viscosity of water (about
0.009 square centimeter per second at 20° Celsius), is used to establish which
tests are fully turbulent., For smooth slopes only those tests with Rg > 3 x 10"
are analyzed; for rough slopes only tests with Ry > 10% are considered (Jonsson,
1966: Madsen and White, 1976).

VI. TECHNIQUES FOR PREDICTING REFLECTION AND ENERGY
DISSIPATION COEFFICIENTS

Section IV showed the strong dependence of the magnitude of the reflection
coefficient on the amount of wave energy dissipated (also on the amount of wave
energy transmitted in the case of a permeable or overtopped structure). In this
section, factors that influence the reflection coefficient are systematically
investigated, and empirical prediction formulas are developed. Types of wave
energy dissipation considered include losses in energy due to structure-induced
wave breaking and wave modification, breaking at the toe of a structure or
in the surf zone seaward of the structure, structure surface roughness, and
internal flow in permeable sections of a structure.
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1. Modification of the Wave by the Structure (Smooth Slopes).

For a structure with a toe water depth-to-wave height ratio greater than
five and wave steepness much less than one-seventh, the interaction of the wave
and structure will have dominant control on the magnitude of the reflection
coefficient. Miche (1951) proposed that the reflection coefficient for this
situation is proportional to the ratio of a critical wave steepness to the inci-
dent wave steepness. The critical steepness is

<EBZ) = Zﬁ)l/? sin®e 'C))
Lo Jerit " K

where Ho is the deepwater wave height, and 6 the angle the structure slope
makes with the horizontal, in radians. Miche's equation gives conservative
results. For example, it overpredicts monochromatic wave reflection from a 1
on 15 slope by a factor of 2 (Ursell, Dean, and Yu, 1960).

Battjes (1974) recommends the equation,

L . tanb
Kp = 0.1 7 3 & = T
1 (10)
Lo
which can be written as
i 0.1 tan'9
Ke = 75

(_1) 1)
Lo

Battjes (1974) is assuming an equation similar to the formula proposed by
Miche (1951) where the critical steepness is

o]

H. .
(-4£) =~ 0.1 tan?® (12)
L crit

This criterion gives lower and more realistic values of the reflection coeffi-
cient than Miche (1951) and is especially useful for ¢ < 2.3 where breaking is
induced by the structure (for plunging breakers). Figure 4 shows the compari-
son between the equations of Battjes (1974) and Miche (1951).

The following revised equation,

Kr = tanh (0.1 £9), (13)

is recommended to give a conservative prediction of reflection coefficients.
At small values of the surf similarity parameter ({ - 2.3),

0.1 £2 = tanh (0.1 £2) 14)

and equation (13) gives the same results as equation (10). At larger values of
the surf similarity parameter, £, equation (13) asymptotically approaches 1.0
and gives an upper bound closer to the data than equation (10) (see Fig. 4).
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An improved equation for predicting reflection coefficients with less error
in the estimates is

Kr=

o £2 a

«52:;»;3=1+E 13)
€2

where o and B are empirical coefficients determined from the laboratory
data (e.g., Fig. 4). The value of B increases as the slope becomes flatter
and is larger for irregular waves than for monochromatic waves (Fig. 5). For
slopes with cot® < 6, the suggested prediction coefficients are o = 1.0 and

8 = 5.5 with the equation,

K ———e
r €2+8

whichever

or is smaller

K, = a tanh (0.1 £2)

I I I T J i T

T T
® Irrequlor Waves ( Ahrens, 1980)

O Monochromatic Woves { Ursell, Deon, and Yu,
1960; Moroes, 1970; This Study )

T T

(o]

1 ) I | 1 1 i 1 1 1
7 8 9 10 1t i2 I3 14 IS
cot 8

Figure 5. {3 as a function of structure slope.

2. Breaking at the Toe or Seaward of the Structure,

If the water depth at the toe of the structure is less than five times the
incident wave height or if the wave steepness is large, significant additional
wave energy loss may result from wave steepness/water depth-limited breaking.
The dimensionless ratio describing this type loss is the ratio of the incident
wave height to the maximum possible breaker height, (Hj/Hp), where Hp 1is
given by equation (7). This ratio includes the influence of offshore slope,
water depth at the toe of the structure, and wave steepness, and gives a meas-
ure of breaking at the toe. The suggested empirical coefficient to account
for this type energy loss in predicting reflection coefficients is

17)

for use with equation (16), where o is a reflection coefficient reduction
factor.
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3. Influence of Surface Roughness.

Armor units placed on the surface of a smooth structure will increase the
amount of energy loss in a wave encountering the structure, thereby reducing
the amount of wave reflection. The suggested prediction equation for a revet-
ment with one layer or armor rock with representative diameter, d, is

3 H 1.3
a = exp [—1.7\‘-; cotd - 0.5 (i:j) ] (18)

for use with equation (16), where L 1is the wavelength at the toe of the struc-
ture. This equation was developed from the data in Table 1.

Figure 6 illustrates the joint influence of a relative armor roughness
parameter, /57I-cot6, and a relative breaking height parameter, H;/Hp, on the
reflection coefficient reduction factor, a. An examination of equation (18)
and Figure 6 indicates that if all other factors remain fixed, the reflection
coefficient will decrease as the ratio of the stone size to wavelength, d/L,
increases, as the cot6 increases (the slope becomes flatter), or as the ratio
of the incident wave height to the breaking wave height, (H;/Hy), increases.
Figure 7 shows a comparison between predicted reflection coefficients using
equations (18) and (16) versus observed reflection coefficients for monochro-
matic and irregular waves on a 1 on 2.5 slope armored with one layer of stone
with d/dg = 0.15. The correlation coefficient is 0.98 for monochromatic waves
and 0.94 for irregular waves.

The ratio of armor stone diameter to incident wave height, d/H;, on the
average has little influence on the reflection coefficient for ome layer of
armor, so this parameter is not included in equation (18). Some deviation
from equation (18) occurs where stone size is much larger than wave height and
resulting predictions are conservative. For example, where the stone size-to-
wave height ratio is greater than 2.0, equations (16) and (18) overpredict
reflection coefficients by an average of 6 percent.

1.0

0.9

0.00! 0.01

,/ a/L cot 8

Figure 6. Joint effect on one layer of armor and Hi/Hy on the
rcflection coefficient reduction factor, a.
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I 4. Influence of Multiple Layers of Armor.

As the number of layers, n, of armor on a revetment increases, the amount
of wave energy dissipated increases and the reflection coefficient decreases.
In addition, as the size of the stone increases relative to the wave height,
the roughness becomes more effective and the reflection coefficient decreases.

Table 2 gives selected values of a correction factor, a', where

1.3
Hs
@ = a' exp [—1.7\J%cot6 - O.S(ﬁ) ] (19)

Table 2. Correction factor due to multiple
layers of armor,!

a
n
d/H Two Threg_i ﬁFSEF;,

0.75 ] 0.93 0.88 "0.78

0.75 to 2.0 0.71 0.70 0.69
>2,0 ] 058 | 0.52 | 0.49

lcote = 2.5, d/dg = 0.15, 0.004 < dg/gT?
< 0.03.

for multiple layers of armor. These coefficients were obtained by taking the
average of the ratios of the measured reflection coefficients for two, three,
and four layers of armor to predicted coefficients for a slope with one layer
of armor. Only one slope, cot8 = 2.5, and stone size-to-water depth ratio,
d/dg = 0.15, was tested.

5. Wave Reflection from Sand Beaches.

Chesnutt (1978) has the most extensive data set of wave reflection coeffi-
cients from laboratory sand beaches, Unfortunately, there are little prototype
data available. Chesnutt and Galvin (1974) and Chesnutt (1978) found that many
factors influence the magnitude of the reflection coefficient. Their data
suggest that

2
Ke = o &7 : B =5.5 (20)
2
£+ B

can be used to estimate reflection coefficients with the beach slope at the
stillwater level intercept used to determine £. Use a = 1.0 for conservative
estimates of K, and a = 0.5 to give predictions of the average reflection
coefficient measured throuphout a test (Fip. 8).
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Figure 8. Wave reflection coefficients from laboratory
beaches (from Chesnutt, 1978).

6. Rubble-Mound Breakwaters.

An upper limit or conservative estimate of Ky for breakwaters armored
with rock or dolos may be obtained using

2
E o Kr aé

] = E;j:—g ; a = 0.6, B =6.6 (21)

o

Ninety-five percent of all observed laboratory breakwater wave reflection

{; coefficients fall below this prediction equation for data sets ¢, d, g, and h

! outlined in Table 1.

k2] More reliable predictions of wave reflection coefficients for rubble-mound

3 . breakwaters may be made using the method of Madsen and White (1976) (also see

. Seelig, 1979). Equations (16) and (18) should be used with the Madsen and

3 White (1976) method to estimate energy dissipation on the seaward face of the

‘Q . breakwater caused by the outer layer of armor units, Figure 9 shows sample

v laboratory measurements (Sollitt and Cross, 1976) and predicted reflection and

- transmission coefficients for a rubble-mound breakwater. Observed and predicted
reflection coefficients have the best agreement for wave conditions in the tur-

y bulent zone, but deviate where the Reynolds number becomes less than 10" due
to laboratory scale effects.
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Figure 9. Predicted rubble-mound breakwater wave reflection
and transmission coefficients (laboratory data
fror Sollitt and Cross, 1976).

7. Spectral Resolution of Wave Reflection.

The significant wave height and period of peak energy density are used to
characterize irregular wave conditions in this report. However, a more detailed
analysis shows that the reflection coefficient varies as a function of wave
frequency for irregular waves. Figure 10 illustrates the decrease in reflection
coefficient as a function of wave frequency that is typical of waves breaking
on a smooth impermeable 1/2 slope (§ < 2.3). Nonbreaking waves have a different
characteristic shape of the reflection coefficient as a function of wave fre-
quency. Ky increases as a function of f for frequencies higher than the
frequency of peak energy density (Fig. 11). The shift to high frequencies seems
to occur because wave energy is transferred from low to higher frequencies due
to nonlinear effects when the waves interact with the structure. Note that this
energy shift may produce a range of wave frequencies in which more wave energy
is moving away from the structure than is incident to the structure, and the
local reflection coefficient may be larger than 1.0 over this range of fre-
quencies. Caution should be used when trying to obtain information from the
highest frequency part of the spectrum above approximatelv the 95-percent cumu-
lative energy density level because the signal-to-noise ratio is low and the
wave speed is poorly known (Mansard and Funke, 1979).

8. Reflection Coefficient Prediction Equations.

Table 3 summarizes the equations recommended for estimating reflection
coefficients for slopes, revetments, rubble-mound breakwaters, and beaches.
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10. Wave reflection coefficient as a function of

Spectral Energy Densily
o
[

wave frequency for an irregular wave condition
with breaking waves.

cotB =25
ds/Hg = 5.9
ds/qTp? = 0.0084
Hs/qTp? = 0.0014
£:-43

Kr = 0.77

Smooth Slope

0.6 0.8 1.0 1.2
finz)

Wave reflection coefficient as a function of wave

frequency for an irregular nonbreaking wave condition.
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VII. EXAMPLE PROBLEMS

The following example problems illustrate the methods of predicting reflec-

tion coefficients presented in this report.

X % k % kx x k k k k *k kx * kx XEXAMPLE PROBLEM 1% % * % % % % % % % % % % % % #

GIVEN: A smooth impermeable revetment (nonovertopped) has a toe water depth,
dg = 7.62 meters, a slope cot® = 2.0, and the offshore slope is m = 0,02,

FIND: The wave reflection coefficient and fraction of wave energy dissipated
for a wave with Hy; = 3.05 meters and T = 10 seconds. Illustrate the influ-
ence of wave height and period on K, and show the effect of reducing the
slope to coté = 5.

SOLUTION: From equation (7),

Hy = 0.17 L, {1.0 - exp [— 4,712 gﬁ-(l + 15 m 1.3%8}
8]
By = 0.17 (1.56 ~ 102){1 - exp [- 4.712 {—;%% (1+ 15(0.02)1-33)]} =5.85m

From equation (17)

He 1.3 1.3
o = exp[—O.S(—ﬂi) ]z exp [-0.5 %’—g—g-) = 0.807

From equation (10)

t
po=-tand o 0.5 _ 4 o9
o
Lo 156
and from equation (15)
e 62 0.807(3.58)2

Kr = = 0.5¢

248 (3.58)2 + 5.5

The energy dissipation coefficient for this example is Ké = 0.69, or 69 per-
cent of the incident wave energy is dissipated (from Fig. 3). Other reflection
coefficient calculations for 5-, 10~, and 20~second periods for wave heights
between 0.3 and 4.4 meters are summarized in Figure 12. Predictions are also

shown for a structure with cot8 = 5. Figure 12 illustrates the influence of
wave height, period, and structure slope on Ky
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’ o9} ds=7.6m i
cot ©:2.0
08 cot §:50 ———~-
0.7
06}
Ky 0.5
osl
03}
0.2
0.1 |
0 1 1 ! j | T Tmy———T——-
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5

Hi (m)

Figure 12. Predicted wave reflection coefficients for smooth
impermeable slopes with no overtopping.

 k k k k k k k k k * k x k XEXAMPLE PROBLEM 2% * * % % % % % % % % % % % % *

GIVEN: The wave conditions in example problem 1.

FIND: The wave reflection coefficients if one layer (n = 1) or two layers
(n = 2) of 4,500-kilogram (5 tons) rock at 2,700 kilograms per cubic meter
(169 pounds per cubic foot) were added as armor to the revetment with cot8 =
2.0. 1

SOLUTION: The armor material in this example has

1/3 . 1/3
(¥ - _4299) -
d"(‘y) ‘(2.700 =1.19m

using equation (6). For the case of T = 10 seconds and H = 3.05 meters,
equation (18) gives

1.3
Hj
exp [ 1. 7\/—-cot6 - 0.5 ( ) ]
Hb
1.3
exp |-1.7 f 2 (2.0) - 0.5 (; gg) - 0.536 :

and from equation {(16)

>
i

s

a £ 0.536(3.58)~
K_ = = = = 0.37
T g+ £2 5.5+ (3.58)°
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The energy dissipation coefficient from Figure 2 is Ké = 0.86, 86~-percent dissi-
pation or 17 percent more dissipation than occurred for the smooth slope (see
example problem 1). Sample predicted reflection coefficients are given in
Figure 13. The preliminary information in Table 2 suggests that further re-
duction in the reflection coefficients could be achieved by adding a second
layer of armor (n = 2) for wave heights less than 3 meters (Fig. 13).

It T - ! T T T T Y

1.OF T=10s -
09}
08}
0.7}

Kr 061

04}

o3l

02} i

0.l L ] A 1 ] | | |

0 0.5 .0 1.5 2.0 2.5 3.0 3.5 40 45
H; (m)

Figure 13. Wave reflection coefficients for a smooth revetment
and revetments with one and two layers of armor stone.

VITI1. SUMMARY

Methods for predicting wave reflection and dissipation coefficients for
beaches, nonovertopped revetments, and breakwaters are presented. Types of
wave energy dissipation considered are wave breaking induced by the structure,
wave breaking at the toe of the structure, turbulence produced by wave inter-
action with the outer layer of armor, and flow through additional layers of
armor. These techniques are combined with the method of Madsen and White
(1976) to estimate reflection and transmission coefficients for permeable
rubble~mound breakwaters. Factors considered when making reflection coeffi-
cient estimates include structure slope, water depth at the toe of the struc-
ture, offshore slope, incident wave height and period, the size and number of
layers of armor units, and the type of structure. Techniques presented apply
to breaking and nonbreaking (surging) waves and can be used for monochromatic
and irregular wave conditions.
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APPENDIX A
LABORATORY WAVE REFLECTION DATA

This appendix includes tables of wave reflection data (Tables A-1 to A-7)
obtained as a part of this study. The following variables are used:

ID - an identification code assigned to each data run

H - the incident wave height (centimeter); the significant wave height
for irregular waves

T -~ the wave period (second), the period of peak energy density for
irregular waves

SURF ~ the surf similarity parameter = tane//ﬂi/gT2

H/HB ~ the incident wave height divided by the maximum breaker height
expected at the toe of the structure

D/H - water depth divided by incident wave height
KR - reflection coefficient

QP - the spectral peakedness parameter for irregular wave conditions
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Table A-1. Wave reflection from a 1/15.0 smooth slope (monochromatic waves). ‘

wAvVE REFLECTIUN FROM A 1/15,0 SLOPH
wiTh 0 LAYERS OF awmQOn
A STONE DIaMFTER UF 0,00 CM
wATER DEPTR 3 21,5 C”

 {V) H(C™) T(SEC) SUKF /MR LY, "R
6006120001 W75 2,00 193 NS 28,7 L1609
8006120002 1430 2eV0 1ele 0N 165 4UHD y
8006120003 1e73% 2400 127 ot 1724 o082
8006120008 29 2490 3490 02 TSed +54B
8V06120005 83 2450 2¢29 «0S 26e¢1 o203
8006120000 1018 2450 19 07 1Re0 L4171 . :
8006120007 1437 2,50  1a7A 08 1547 4125 H
8006120008 1.78 2450 1.0 ol 1241 082
80006120009 181 2450 1658 o §1e9 o079
- 8006120010 1e08 2.70 1087 09 1ue8 L23A
O 8006120011 1e16 2.70 2400 007 RS 326
3 8006120012 170 2.70 173 e10 127 o185
2 8006120013 Xz’ Job0 Yol o0U $3e8 4582
! 80061200148 108 3,00 2elil 000 20eS 440S
8006120015 1e4y 3490 2410 o OR 1Se% o318
8006120016 1e17 3.50 270 007 1ReS ,L504 i
8006120017 1eb4 3450 2+28 10 131 o497

Table A-2. lave reflection from a 1/2.5 smooth slope (monochromatic waves) .

wAvE WEFLECTIUN FRO™ A 1/ 2,5 SLOPE
wlTr 0 LAYEWRS NE ARKMUW
A STUNE ULaMETER UF Qe00 CM
wAlER DEPTH 2 53,0 ¢~

10 H(CM) T(stQ) SURt " /HA n/H R

N 800522124 287 1425 3270 o1y 1ReS o097
. 8G08221254 0el? 129 2ol 25 Te8 4910
8U05221395 12433 1.25 te?9 T 4eld W1V?

8005221314 12409 {29 180 45 Gelh 4087

8005221424 9e4s 150 2404 3 Seb G498

8005221533 Be3%3 1490 2eb1 2?7 beld  ,hon

8005221342  S.91 1450 3407 20 Re9 L7013

- 8005221351 3e01 1490 4e32 010 17.6 o700
.t 8005221400 1092 1.83 Teu2 004 Jue9 462A
> 80052214611 o4} 1093 Tet% 04 37.1 o843
- 000522‘“25 7.20 1053 3,39 22 ’03 Caebv
- 8005221437 12.08 1,93 2457 37 de2 oH12
¢ 800522144Y 18426 237 2.7 049 209 o942
. 8005221457 14458 237 %10 39 346 L7009

o 8005221%07 3,78 2437 4e0O 24 5e0 o790
% 8005221522 Gold 2.37 5.82 el - 128 029
: 8005221842 3037 2,88 Te84a 209 157 +950
»Y 8005291435 13,00 2.98 3,98 o34 Ge0 o587
T 8905291448 19,88 2.88 342} «S1 207 Juud
. 8005291499 1419 3.90 16027 N Y LR
I - 8009291917 S48 3,50 B8e90 0 13,9 ,bton
1, 8005291%28 6429 $450 6099 a6 AR5 W850

. 8005491540 10461% 3.50 537 27 5.0 o981

‘.,_ .
> oK1

4

32

b
2

*
.
PY.
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Table A-3. Wave reflection from a 1/2.5 slope with one layer of armo:
(monochromatic waves).

wAVE WEFLECTIUN FRN“ A 1y 2,5 SLUPE
WiTw | LAYFRS UF AkMyw
a STUNE DIA“ETER ULF 7,0% (C*
wAlbR ULPTH & 58,0 ¢»

1o =(C™") TeseC) SUwF "IHR n/w “R

8001291513 4,93 1425 2.8 19 12107 425%A

8001291822 8,16 1:29 2419 o3 6e5 o174

8001291332 1149 1.2% 181 04s ded o224

. 8001291341 14 He 125 102 oNo S:6 4089

800129135) 13,84 1,29 108 52 YoM L0998

8001291408 1o,4n 1429 teda 062 3e2 olto

] 8001291207 3408 1.5V 3492 12 16e% o34n

3 8001291218 S.0A 190 3et4 19 9.3 o29R
K 8001291227  T.4n 1450 2475 24 7.2 ol0f ]

¥ 80012912%8 8,9 1,50 2451 29 Se9 L2410
2 8001291248 10421 150 239 Y4 Se2 o216 i

3 8003291258 11,53 150 2+23 37 4e? G212

AN 8001291544 2e24 1.8% ol « 07 237 o418

8001291552 4,07 1.88% 4023 ole 113 o4593

. 8001291001 .0} 1,83 2498 029 S5 4309

3 8001291008 14,09 1.%3 2439 b0 3e6 o208

' 8001291489 4,26 2437 §,7}% 12 124 L4014

: 8001291%08 b, b4 2437  4et0 23 hol o358

3 8001291519 14,09 2,57 3,09 T 3.0 4299

800129153 21,47 2437 2450 «SA 2.5 L1197

800129%1ule 3.3 2,88 T.A3 N9 1Se? o513

8001291420 64N 2.88  S,u7 o188 Te? G473

8001291435 12,99 2.88 3,99 e 30 ael o400

8001291469 22,21 2,88 3,05 58 204 o322

Table A-4. Wave reflection from a 1/2.5 slope with two layers of armor
: (monochromatic waves). N
. - WAVE REFLECTION FRNOM A& |, 2.6 SLOPE

wilr 2 LAYEWS OF -AkMyn ‘
A STUNE DJaMETER UF 3,95 CM ‘
wATER DEVTH 3 53,0 C™

Io H(C™) T(SEC) SURF H/mHR LYL] <Q
8002121301 2ol 1425 4e24 08 2ueS 199
< 8002121251 5498 1425 250 «?2 A9 Hlus
. 8002121243 13,23 1429 te?2 oS0 Us0 o126
> 800212180 14euy 1.2% 1¢05 «S4 37 LIIR
e 8002121208  4,.8n 1,50 3,42 o1e 11¢0 o23A
. 8002121213 9,3 1,50 2,43 31 Se6 4198
{; 8002121220 12444y 1,50 213 T 4e3 o109
» 8002121228 12,44 1,50 2413 oy 63 o107
, 8002121158  2.4S 1,88 §4A% «07 2147 L27R
- 8002121150 Sel2 1.83 4ot 1S 10e3 o207
R® 8002121143 10434 183 2,84 o3t Sel o214
q 8002121138  15.8) 1.83 2¢30 '} 3¢ L1783
o ¢ 8002121058 3.57 2.87 6,27 10 1069 202
S 8002121108 Te2A 2.37 4.39 20 T¢3} Jlus
. 8002121118 13,07 237 Je20 37 3.9 L2109
. 8002121127 20406 237 2eb4 «Su 2o 19y
.. ' 8002121051 2490 2.88 8,44 08 1843 L30h
A 8002121048 0,18 2.88  §,80 ele Asb 372
- 8002120028 12.2% 2.88 4,11 o32 4¢3 4359
8002120018 21.78 2.88 3,08 56 2:4  +51%
('}
"\
1]
[N
) 33
0’.
wl
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Table A-5. Wave reflection from a 1/2.5 slope with three layers of armor
(monochromatic waves). :
wave KEFLECTION FRD™ & 1/ 2,5 SLUPE
WlTH 8§ LAYERS OF. Akmin
A STUNME DIAMETER UF 7,9% (™
wATER DEPTH 3 $S3,0 C™

10 “(C™) T(StL) SURF LYY ] N/n xR
8003281293  2.7% 1429 .70 oto 192 42580
8003281301 T.07 1429 20206 29 6e9 L1859
8003281310 15,08 1,25 1e01 57 Seb olua
80032R1 244 1402 1,50 Seh9 L1 37,7 +213
0003281249 3,42 1.90 de0S o1t 155 o228
8003281224 Seue 1.9y 324 2L} QA,7  L218
8003281216 8,33 1,50 2e00 027 het G192
8003281208 10.28 1.0 2434 30 542 olbn
8003781154 12,73 150 2410 'Y 4e?2 ol00
8003281138 12.9A 1450 208 '} def 01548
80032R1052 2497 1,88 530 v 09 17.8 L1172
8003281102 0el0 103 3470 18 Ae7 182
8003281113 11465 1.83 270 «34 Ueb o158
8003281129 10,70 1,03 2+20 49 342 o149
8003281039 2489 287 T.07 A 1Re9 o207
89032”1029 S,82 2e37 449% ot Ot 221
80032R1019 11.7A 2437 LYY L) 32 U5 o219
8003281009 15,84 237 2498 W43 3.4 221
8003280922 1405 2488 11420 W04 8241 42593
80032R091V} 2edu 2.88 9,22 W06 217 o294
80032R0940 Seds 2.88 6016 v1d 9,7 o340
80032R0950 11,67 2.88 G2} v 80 4eh o330
8003280957 20459 2.88 3,17 *53 2.0 o500
8003281343 [ 774 ) 3,90 099 otlb BeS 0851
80032813520 8,88 5,50 5,87 022 6,0 o443
8003281343 12433 3450 4,98 o34 4e3 SHS2

Table A-6. Wave reflection from a 1/2.5 slope with four layers of armor

(monochromatic waves).

wAvp REFLECTION FROM & 1/ 2,5 SLOPE
w[Th 4 LAYEWS OF AWMUNK
A STUNE OlaAMETEw VP 7,948 (™

wAlER DEPTW B

In
8004011320
80040113%4
8004011343
80040112350
8004011229
800uo0y321?
800unytzne
8004011127
89040111 5e
800401114S
8004011158
80040t1110
8004013107
80040t 105A
80040t104?
8004010958
8904011007
8000031059
8004011034
8004011248
800401t2u®
8006031307
80040tt35te

N(CH)
2459
1,22

11,08

T4
1e950
Y424
1,27
1651
3.1%
0,57
12.18
o84
2¢56
5432

11,11
1640
207
4,08

10,10
2473
6,83
9.09

13013

93,0 C™
T(seQ) SURF
l.es a."“
129 2432
1.25 1eR
1 o950 8,73
1450 6ol
].50 delo
150 2478
’.5’ Te44
1083 SolS
1,85 3457
|.°’ ?obe
237 12.9
2,37 Tebo
2,37 Se13
2,387 3.55
£.”5 l?l’o
2.88 10401
2,00 beb%
2,98 4+53
3,50 10459
3,50 6o b9
3,50 Seb8
3,90 G.83

34

Y4 L
27
«us
N2
N5
o1
024
o0y
N9
19
o308
o0
07
o1y
30
«0u
' 0S
.12
26
X}/
17
24
33

N/n
2742
7.3
4eS
719
3Se2
{hetd

351
1648
Agt
Gl
6840
ene?
10.0
u.8
3a.0
2%.7
118
Se2
196
7.8
LT} )
de0

“u
202
RYL!
o114
@22
eflb
.lq"
slbt
o180
eiod
o158
ol e
3040
24N
244
o202
LY
278
« 300
e JB0
LT
<49
2o




Table A-7. Vave reflection from a 1/2.5 slope with one layer of armor
(irregular waves).

wave RESLECTION +QO™ & 3y 2.5 SLUPE
WitW | LAYEKS UF AwmUn
A STUNE DIa™ETER UF Yeqy Cm
®ATEN DEPTH & jo.4 "™
1{4] =“(C™) T(stL) SRF LY ] osn "R 1
JHRELUL AN wmaVES

7 800122092% o.70 1.2% 2400 32 Sel L2000 2,4
8001220934 Tela 1437 2+50 32 Sel 187 2,9

800122094% 7.3% 153 240} o3 Se0 o225 244

8001220958 T.02 e 179 T 4e8 (1% 247

8001221007 8.0 1648 2,09 311 6ed oJ250 2,3

8001221017 To4A 1.2% 2029 o%e 8+9 L1909 4,2

8001221028 Te22 131 2043 37 Se0 o212 $43

8uoj2210386 8,9 1.5¢ 253 39 del 2257 2,7

. 8001221048 8,57 1:50 2455 37 Ue2 o737 3,3

8001221110 1ved0 2,09 (T3 ) 30 3ed o597 3,5

8001221120 11404 151 2022 S0 Yol o270 2,5

8001221138 1376 1.08 2,49 89 3ol o811 2.2

N 8003221148 4e?Y 3,28 7.5 17 Te® ,L49§ 3,5
Thall) 8001221158 7,40 3.28 s,08 27 3.9 o511 2,5
v 8003221220 9,39 1,79 2492 38 1.9 L2190 b
8001221281 1044} 457 Te0? 37 35 o927 1.3

8001221241 Te52 3,28 5.98 27 8.8 913 2,4

wavE WEFLECTION $R0™ a 1/ 2.8 SLNFE
wltu | LAYERS D3 AN“QUN
5 310%t DIA“BTER ub 7,04 (™
NATER CERY= 2 uS,0 C»
1o R(C) T(stC)  suyut Wing DM LY T
Innt i aW wnsvEd

80012300SA 7,06 1,85 2,22 .33 S.7 L1922 2,5

8001231008  7,0% 1490 2,01 .29 ST L1998 2,9

8001231018 LY 1419 2401 38 §¢5 J172 3,0

8003231027 8,38 1497 2:72 »30 Gl o215 2.k

8001231038 8,88 falo 1% 39 Sel l82 2,8

8001231048 9,48 [ L] 2402 311 @e® 226 2.3

8001231087 Y40 foud 2041 35 4.8 224 2,3

. 8001231 )10m 8,08 1.8% 2412 PR TY Se2 Jl00 a8

) 8001231117 8,5} 1.2% 2414 35 LT3 S LY Y.

8001231129 Be50 1481 2029 oda 3 L4199 3,0

8001251139 9.9 1,59 2452 (21 ded o200 3.1

8001231150  9.99 145 2420 o3A 4eS 4237 3,7

8001231200 V.87 1448 2438 ) Ueb 4238 3.0

8001231210 1000 1,59 2450 7Y UeD 42958 3,1

8001231221 8,75 ted1 2,22 o35 Sel o193 3.0

- 80012312%  H.on 1.5t 2424 o34 $:2 19 3,0

.t 8001231248  &,77 141 2430 %4 Se1 o127 2,7

- 8001231%04 15,95 1,08 2,29 .49 42 o302 2.5

8001231310 12.2% 2400 2499 T Se7 o383 1.8

; 8001231330 13.1% 150 2418 o UA Te8 4702 S.1

Iy 800123134y S.08% 3,01 6433 17 Re0  Luva 5,2

% 8001231352 8,3y Se10 S »29 Sel (St 2.8

? 6001231403 11,38 1,02 2440 san 040 o288 2.u

P 8001231418 12,80 3.9 S,uA »37 3¢5  o5%4 1.8

g 8001231437 13,37 1e08 2420 *an Ve?2 o308 2.5

b 8001250023 11,92 1e51 2418 vy 348  425%2 3,3

89012%0938 12,5 107 2430 LY Ve 4292 2,0

3 8001250955 4,08 $.01 6,83 ol 0,5 L4903 5,2

N N 60012510089 Golp 3,01 682 18 9,3 L4911 9,0

v 0001251018 12400 1,082 2P0 1y Y8 28R 2,0

-_ 80012%1020 745y 3,20 5,83 .22 sl odln 2.8

P 8001251058 9,74 1e04 2,98 o33 .6 4280 241

.. . 8001291047 11,19 ol 5459 o32 @0 o901 1.8

M 80012%10%7 14e0n 420 Sobp el $e2 4902 402

0001251108 12,07 1451 2417 us $¢7 240 3,3

- 8001251201 9.7% 1.82 2.% 31 8.8 280 2,1

y 8001251211 1272 107 2434 45 3¢8 4290 2.5
?‘
»
A
(N
T4

35

'y




Table A-7. Wave reflection from a 1/2.5 slope with one layer of armor
(irregular waves).--Continued

aayg WRFLECTITUN Funm & 1/ 2,5 SLUPE
alfn § LATHINS OF aNayw
& BTUNE VJAWETEN UP 7,e9 C%
wATER VPPN @ 93,0 ¢c»
14 “{cm) Testl)  suwr nyeR  O/% LT ]
JUNLLULAR wavh)

0001271083 153 2400

271046 1ed2 2421

1271703 1,9% 2482

01271718 1,81 2.27

01271728 Led} 2488

800127173 142% 2400

0001271749 tedn 2410

00012717458 190 2,32

0001279407 o4 246

001271017 1e81 2410

B L4 1.9%  Je2
. 1.9 2.00
1e9% 2000

8001201120 3,01 @90

8301281138
800128114

[ T34 ey
1.98 Seno

8001241200 .02 4,00
3 890128121 408 %12
4 8001201224 1691 2408
00012A12%0 1e0? 221
8001281240 19 te02
- 8001281508 1e%1 1098
e . 2001281520 2,09 277
AN 0321281333 1e08 241
83¢1201 947 Jo0t S0y

8001281357 2% deve

4125 808 2.53 2%

L 8001281419 3,9 %.19

R 80012909y 2ett

p 8901290939 2e2%

y 80012¢%1 900 S.07

) 8301291020 Y

80012930% $e19

80012%1002 (T3]

2% 10%2 509

| 01291103 2et0

] 01293118 2.22
k LITTT LITY 1) 177 2.9 20 LTS ANRY TN R T

savg wEFLECTIUN Fun» 4 |/ 2.8 SLOPE
alftm | L&YINS Ur awmyn
a BYUNE Ola=tTEa b 7,08 (»
=aTER YLtVIn & 57,8 C»

10 LI 4] Teste) was nun Y an ‘13
To121811 10 fe€t 2408 o33 08 WP 2,7
7912131320 1451 2.9

791213140 1,29 1.98
1912131140 1.d0 2,01
7912131200 1.27 2411
a 7912181209 1.87  2.27
. 19213121 1,38 2,22
7912131229 1.5 2e048
7912131230 150 2010
191213207 1.30  2.0€
7912131497 1ol 2429
7912131500 140 1.9}
7912131310 1.8 2.32
7912131828 1.3 2+%1
! 791213138 1ol 2.0
b 191213187 1ol 2407
. 7912181387 151 2019
M 7912131608 1.31 2410
> 1912171081 151 2407
. 1912171 16¢ 2.%  S.2¢
7912171150 2.,%1  S.20
-~ o121 128 2.7¢ 0.0}
< 1913171501 E LT
N 7912171510 1:73 2,02
t 1213 1,17 2.7
g 19421713 3,80 8,87
o 191217 30y 3,82 8,88
b 191217133) 00  S.28
7912175080 1451 2410
912171180 1431 2400
83 7912171408 re .8y
~ . 8004081029 2.9 420
< 8001081062 1:77  2.02
. 8601091098 1,77 2402
. 000309109 177 200y
P 8s0q0 8,00 S$,20
L 6,v0  S.20
M 1e51 198
2008
se8)

Lo

0011010%

- < o' g
ave

5
-




Table A-7. Wave reflection from a 1/2.5 slope with one layer of armor
(irregular waves).--Continued

* wave HEFLECTION FROM & 1/ 2,5 SLOPE
5 «1TH | LAYEWS UF akryun

‘ A STONE DIAMETER UF 7,94 C™

’ wATER OEPTW & 97,8 CM

| 1o H(C™) T(StC)  SURF H/MA DM KR QP

! IMREGULAR waAVES

‘ 8001101110  6,7S 5,01 5,79 olo Aebd 457 4,
8003101127 [ TRA $.01 5.79 «le Aao (U459 ueb
8901101138 10,08 2.48 eSS 24 Se? 448U 245
8001101150 10407 2.68 Ge83 o?0 Se7 o484 2.5
8003101203 13851 IR 270 o306 6ed L2042 2.2
8001101215 135,20 1.98 273 «35 'L 24T 2.2
8001101228 106,04 396 4e9y o317 306 o525 2.2
8001101242 15497 3,94 4.99 36 3¢7 o530 2.0
8001101290 19%¢3n ?2.08 280 o4y 308 4325 24V
8001101812 1532 2403 259 oty 348 o319 2.0
8001101328 15.33 2403 2+59 oy 3.8 321 2.0
8001101344 10423 191 1+R8 %0 300 4212 6eD
8003101358 10,41} 1919 1e88 *S0 $e6 2209 4ol
AQ01101413 10,79 1,08 208 'Y ) Yok 4241 3,43
8001110834 8,88 151 2454 27 heS G142 2.7
8001110848 8,9 1451 2053 28 0e5 L1444 2.0
8001110n58 91e 1e24 2005 33 hed o135 3.2
8001110910 9,90 153 2043 «3n S,A L1858 2,5
6001110920 10020 1420 1.88 Y. Se? «158 3.0
8001110980 10.9% 1.53 P2e32 33 G5e3 190 2.5
8001110941 10411 1:206 1498 e 36 Se7 L1185 St
8001110952 Ye0h 1,24 1499 35 be L1442 1,9
8001111002 12434 1451 215 '38 4e? 42086 G0
8001111013 11,01 1,614 207 38 Ge0  L1B8  4,3
0003111028 1l.0b 1.61 2e12 36 Se2 o182 4.0
0001111037 12.18 1451 2417 37 4eB 206 W0
8003111100 Ve9S 1.20 194 30 6el J14S 3,8
6003111108 V.74 1.50 2408 34 5,9 Lldn 3,8

wavt WESLECTIUN PRNM & 3y 2,5 SLUPE
wWlTr | LAYEHS Nb AkPUN
A STURE DIamETER UF T49% (™
wATbu DEVIN = o}y, Cc
10 n{C™) TestC) SURF /MR LY A ] 6P
IRREGUL AR wAVES

8ong11115e 9,44 1.50 2411 o3 6e? 4176 2.8
Suoyittacs YeSA 1.27 2408 32 behd o160 342
°0°l|l|2‘0 10e3Y 138 218 32 Hel o181 2ed
8001111220 10423 120  1.MA e30 602 o164 3au
8001111238 11,37 14950 2422 33 509 4190 2.9
80011112951 10+30 1.2% 194 o35 6el 0198 5.9
800t111304 10612 1e30 2004 13 6ol 4198 .44
8001111310 12489 151 2¢11 e 38 Ge9 L1833 3.5
8001111329 12414 1450 219 36 Se2 (180 UeS
8001111342 12.07 150 2¢18 '3 1 §e2 179 4ub
800111135% 12.87 1,51 2ol o3A Ue®  L183 8,7
8001111408  10.04¢ 1e24 1098 15 6l G151 4l
0001111419 10412 1.25 1.9 o35 602 o134 543
0001141005 13433 1451 2408 o %0 47 W85 3.0
. 8901141019 14dedd 1e90 209 'Y Ged S171 34
8001141030 195,22 1,08 2410 01 Uel (206 2,9
8001tat04R 8454 2,78 447 19 Teldh LU3n 6,0
800114105« S5.0% 2475 S.80 o13 11e¢2 <410 4.8
8001141108 10404 117 2.78 27 63  W372 1.7
8001161115 12406 .82 5.37 27 Se0 o518 147
8003141120 15420 3,56 4¢SS «33 del 4493 1.9
37




APPENDIX B
METHOD OF MEASURING WAVE REFLECTION COEFFICIENTS

The method of Goda and Suzuki (1976) 1is used to determine laboratory reflec-
tion coefficients for monochromatic and irregular conditions. Also used is the
energy balance approach for both types of waves, so that wave energy transfer
between frequencies and variable amounts of reflection over a range of fre-
quencies can be considered. This approach gives a reflection coefficient that
is formally defined as the square root of the ratio of the reflected wave energy
to incident wave energy. For an idealized case where no energy transfers occur,
the reflection coefficient is the ratio of reflected and incident wave heights.
Reflection coefficients are determined by placing two or more gages several
wavelengths seaward of the structure. Each pair of gages then gives an esti-
mate of reflection coefficients.

In these experiments wave records were sampled simultaneously at three wave
gages (Fig. 2) at a rate of 16 times a second to obtain 4,096 data points for
each run. An FFT was then performed c¢cn each wave gage record to determine real
and imaginary spectral coefficients, A and B, at each spectral line j. Let the
subscripts ; and ; indicate the landward and seaward gages in a pair. The re-
flected and incident wave amplitudes for each gage pair for each spectral line
are then given by

1 JA; - Aj cos kA% - By sin kaR)? + (B + A) sin kot - B cos kat)2  (B-1)

aj = 2lsin k&L

- 1 /4A2 - Aj; cos kAL + B) sin kaL)?2 + (B - A; sin kAL - B; cos kA2)Z (B-2)
2r 2Tsin kiR
A,B = spectral coefficients
k = wave number = fﬂ (B-3)
A% = gage spacing
Only gage pairs with
0.05 < %2- < 0.45 (B-4)

are used in the analysis, and wavelength, L, is determined from linear theory
for irregular waves,

2
~ 8T 2nd -
L o tanh ( T/ (B-5) ,

and may be found using Dean's (1974) stream-function theory for steep monochro-
matic waves (see App. C).

All estimates of reflection coefficients found using the above procedure
are averaged at each spectral line to give an incident wave amplitude and re-
flection coefficient for line j:

38




(ag)?

average incident wave amplitude at line j

(kp)3

i
a
average reflection coefficient at line j =(3§)

The reflection coefficient is then determined by taking

400

RPN
L, [ ()] o
Kr = [ %00 ;

PI(CY

Irregular wave information is displayed in the form of band spectra, using 11
lines per band and using a variation of equation (B~6) to determine the reflec-
tion coefficient for each band.

In the case of monochromatic waves, a nonlinear waveform is described by
a Fourier series with each component moving at the speed of the primary wave,
and equation (B-6) is used to determine the reflection coefficient.




APPENDIX C
NONLINEAR WAVELENGHTS AND WAVE SPEED

In the real-time analysis of wave reflection it is necessary to know the
wavelength or wave speed. Linear theory gives excellent predicitons for low
steepness waves, but tends to underestimate both length and speed for large
waves.

Dean (1974) gives tabular values of wave speed and wavelength for finite
height waves that can be approximated by the empirical relationm,

£_=9_=£é+a(§1)b (c-1)

where L and C are wave speed and wavelength, L, and C, are deepwater wave
speed and wavelength determined from linear theory where

2
Lo = £& (c-2)

Lp 1is the local length determined from linear or Airy theory and a and b
are empirical coefficients. Airy wave theory predictions and values of a and

b are plotted as a function of dg/L, in Figure C-1, where dg is the water
depth.

20 BLURERLIRERAAL ] LR ELLBAR]] T T PTTvay 1] LA 40
" §
1.8} 136
B 7
1.6 132
14l .
I L/Lg= Lo/l + 0 (H/LG)® 128
.2 24
o
2 T .
= 1.0 5 120 a
r Y i T
08 416
06} —H12
- -
04} s
| 4
02 44
or L Lo g il 1 Lt 1111l L Ly i1l 1 L1 Ll il O
0.001 0.0} 0. 1.0 10
4/L,

Figure C-1. Coefficients for approximating nonlinear wave speed
and wavelength determined from stream-function theory.
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